LH activates a cascade of signaling events that are propagated throughout the ovarian preovulatory follicle to promote ovulation of a mature egg. Critical to LH-induced ovulation is the induction of epidermal growth factor (EGF)-like growth factors and transactivation of EGF receptor (EGFR) signaling. Because the timing of this transactivation has not been well characterized, we investigated the dynamics of LH regulation of the EGF network in cultured follicles. Preovulatory follicles were cultured with or without recombinant LH and/or specific inhibitors. EGFR and MAPK phosphorylation were examined by immunoprecipitation and Western blot analyses. By semiquantitative RT-PCR, increases in amphiregulin and epiregulin mRNAs were detected 30 min after recombinant LH stimulation of follicles and were maximal after 2 h. LH-induced EGFR phosphorylation also increased after 30 min and reached a maximum at 2 h. EGFR activation precedes oocyte maturation and is cAMP dependent, because forskolin similarly activated EGFR. LH-induced EGFR phosphorylation was sensitive to AG1478, an EGFR kinase inhibitor, and to inhibitors of matrix metalloproteases GM6001 and TNF␣ protease inhibitor-1 (TAPI-1), suggesting the involvement of EGF-like growth factor shedding. LH-but not amphiregulin-induced oocyte maturation and EGFR phosphorylation were sensitive to protein synthesis inhibition. When granulosa cells were cultured with a combination of neutralizing antibodies against amphiregulin, epiregulin, and betacellulin, EGFR phosphorylation and MAPK activation were inhibited. In cultured follicles, LH-induced MAPK activation was partially inhibited by AG1478 and GM6001, indicating that this pathway is regulated in part by the EGF network but also involves additional pathways. Thus, complex mechanisms are involved in the rapid amplification and propagation of the LH signal within preovulatory follicles and include the early activation of the EGF network. (Molecular Endocrinology 22: [924][925][926][927][928][929][930][931][932][933][934][935][936] 2008) 
T HE LH SURGE PROMOTES major changes in ovarian preovulatory follicles (POFs), including terminal differentiation of follicular cells and oocyte maturation, events required for ovulation of a fertilizable egg. The LH effects are mediated via activation of a member of the G-protein-coupled receptor (GPCR) superfamily, the LH receptor (LHR), which couples to G s protein and activates adenylyl cyclase to elevate intracellular cAMP levels. The initial cAMP signal subsequently branches out to several signaling pathways including those downstream of protein kinase A (PKA), cAMP-activated guanine nucleotide exchange factors (cAMP-GEFs or EPAC) and phospholipase C (1-3). Although LH directly stimulates theca and granulosa cells, its effects on cumulus cells and oocytes are probably indirect. LH induces marked responses in cumulus cells and oocytes, yet these cells express few or no LHRs and fail to respond when directly stimulated by LH (4) .
In recent years, members of the epidermal growth factor (EGF)-like growth factor family have emerged as likely mediators of LH action in the follicle. Specifically, amphiregulin (AREG), epiregulin (EREG), and betacellulin (BTC) are rapidly induced by LH or its analog human chorionic gonadotropin (hCG) (5) (6) (7) and are thought to function in an autocrine and paracrine manner to propagate LH signals throughout the preovulatory follicle. In vitro, these growth factors promote many events that are stimulated by LH, including cumulus expansion and oocyte meiotic resumption (5, 6).
The growth factor effects require EGF receptor (EGFR, also called ErbB1) activity, because EGFR tyrosine kinase inhibitors block both processes (5, 6) , as well as several other gonadotropin-dependent functions of granulosa cells (8) (9) (10) (11) . Recently, we reported that disruption of the EGF signaling network in mice impairs LH-induced ovulation, demonstrating the importance of this pathway to LH action also in vivo (12) . LHinduced EGFR phosphorylation was significantly reduced in POFs from Areg Ϫ/Ϫ Egfr wa2/wa2 double-mutant mice. This decrease in LH-induced EGFR phosphorylation was associated with impaired oocyte meiotic resumption in hCG-primed Areg Ϫ/Ϫ Egfr wa2/wa2 mouse ovaries in vivo. The EGF-like growth factors are produced as transmembrane precursors that are cleaved at the cell surface by members of the matrix metalloprotease (MMP) or a disintegrin and metalloprotease (ADAM) families (13, 14) . The mature growth factors bind to dimers of EGFR family members, resulting in activation of intrinsic receptor tyrosine kinase activity and autophosphorylation of specific tyrosine residues in the cytoplasmic domain. Target proteins are subsequently phosphorylated and/or recruited for the activation of downstream signaling cascades, including the MAPK pathway, to elicit distinct biological effects.
GPCRs also can activate the MAPK cascade via G ␤␥ -c-Src (15) or effectors such as phosphatidylinositide-3-kinase or PKC (16, 17) . In addition, GPCR-induced transactivation of the EGF signaling network has been linked to activation of the MAPK cascade (18, 19) . Early studies described an intracellular mechanism for GPCR-mediated EGFR transactivation, involving the intracellular mediators Src, PKC, or Ca 2ϩ (20) (21) (22) (23) (24) (25) (26) . However, later findings have also documented a ligand-dependent mechanism of EGFR transactivation. In brief, agonist-stimulated GPCR signaling has been shown to induce metalloproteasedependent shedding of EGF-like growth factors and EGFR activation (27, 28) . This mechanism of GPCRinduced EGFR transactivation has been described as the triple-membrane-passing signal (27) .
Because the exact timing of EGFR transactivation in relationship to oocyte reentry into the cell cycle has not been established, we sought to investigate the dynamics of LH regulation of the EGF network in cultured mouse POFs. Here, we show that LH induces EGFR phosphorylation within 30 min of stimulation. Based on this observation, we hypothesized that the early activation of EGFR induced by LH may involve shedding of a preexisting or rapidly formed pool of EGF-like growth factors. We provide evidence that the early LH-induced EGFR transactivation is likely mediated by cAMP and PKA signaling, involves metalloprotease activity, and impacts the MAPK cascade. This rapid activation of the EGF network serves as a means for amplifying the initial LH signal, and propagating LH effects throughout the POF.
RESULTS

Rapid Induction of EGFR Phosphorylation and Areg and Ereg Expression by Recombinant LH (rLH) in Mouse POFs
LH/hCG has previously been shown to induce EGFR phosphorylation in mouse ovaries in vivo (5) . To more closely investigate the time course of LH-induced EGFR phosphorylation specifically in POFs, a better controlled model of POF culture was used. POFs were cultured in the presence of rLH for 0, 0.5, 1, 2, and 4 h. Immunoprecipitation and Western blot analyses were performed to evaluate EGFR phosphorylation levels in the stimulated follicles. The anti-phospho-EGFR antibody used recognizes the Y1068 residue, a major autophosphorylation site that binds Grb2 and that is involved in MAPK activation (29) (30) (31) . EGFR phosphorylation levels increased about 3-fold over control within 30 min of rLH stimulation, and phosphorylation levels were maximal after 2 h (Fig. 1A) .
The rLH-induced expression of Areg and Ereg mRNAs was similarly evaluated in mouse POFs cultured for the same times as above. By semiquantitative RT-PCR analysis, statistically significant increases in both Areg and Ereg mRNAs were detected within 30 min after rLH stimulation (Fig.  1B) . Expression of both genes was maximal after 2 h stimulation and decreased at 4 h. This pattern of LH-induced Areg and Ereg expression in POFs is consistent with the results of earlier studies showing that LH/hCG induces the rapid and transient expression of Areg and Ereg mRNAs in wild-type mouse ovaries (5) and rat follicles (6) within 3 h of stimulation. Interestingly, the early induction of Areg and Ereg expression and EGFR activation by LH precedes the onset of oocyte meiotic resumption by at least 1 h (Fig. 1C) .
Protein Synthesis Is Required for LH-Induced Oocyte Maturation
If de novo EGF-like protein synthesis were required for LH transactivation of EGFR and oocyte maturation, then inhibition of protein synthesis should block the LH-but not AREG-mediated effects. POFs were incubated in the presence of either protein synthesis inhibitor puromycin or cycloheximide before stimulation by either rLH or AREG. After 4 h, oocytes were examined for germinal vesicle breakdown (GVBD), a hallmark of oocyte meiotic resumption. In this follicle culture model, rLH or AREG stimulation resulted in approximately 80-90% GVBD ( Fig. 2A) . In agreement with previous reports, puromycin concentrations that decrease amino acid incorporation by more than 90% (see Materials and Methods) significantly inhibited rLH-induced GVBD in cultured follicles (ϳ70% inhibition), indicating that protein synthesis is necessary for the LH effect. Conversely, inhibition of AREG-induced GVBD was minimal ( Fig. 2A) . Treatment with a different translation inhibitor, cycloheximide, alone promoted oocyte meiotic resumption (data not shown), confounding interpretation of the experimental results. The effect of this latter inhibitor was not further investigated.
More importantly, puromycin also inhibited the LH stimulation of EGFR phosphorylation. After 2 h culture of POFs, rLH-induced EGFR phosphorylation was significantly inhibited by puromycin at the 10 g/ml concentration and was completely prevented by 50 g/ml (Fig. 2B) . Puromycin had no significant effect on AREG-stimulated EGFR phosphorylation even at high doses. These data are consistent with the view that LH-induced synthesis of AREG (and/or additional EGF-like growth factors) and EGFR activation are required for oocyte meiotic resumption.
LH-Induced MAPK1/3 Activation Is Dependent in Part on EGFR Activity
One of the pathways downstream of the EGFR activation implicated in oocyte meiotic resumption is the MAPK signaling cascade. Therefore, the time course of MAPK1/3 (also called ERK1/2) phosphorylation was examined in cultured follicles by Western blot analyses with phospho-ERK1/2-specific antibodies. In POFs, an increase in MAPK phosphorylation was induced by rLH within 30 min, and phosphorylation was maximal after 2 h of culture (Fig. 3A) . Increased MAPK phosphorylation was also detected in cumulus-oocyte complexes (COCs) isolated from POFs 30 min after LH stimulation (data not shown), consistent with previous findings showing MAPK activation in cumulus cells isolated 30 min after hCG stimulation in mice, with maximal activation 2-4 h after hCG (32) .
Immunohistochemical staining was performed on pregnant mare serum gonadotropin (PMSG)-primed mouse ovaries stimulated with hCG for different times to localize phosphorylated MAPK in vivo. Signal for phosphorylated MAPK was detected predominantly in mural granulosa cells of large antral follicles 15-30 min after hCG and then was observed in both mural granulosa and cumulus cell compartments of POFs 1 and 2 h after hCG (Fig. 3B) . After 4 h hCG stimulation, signal for phosphorylated MAPK remained elevated in cumulus cells but appeared reduced in mural granulosa cells.
To understand the mechanisms underlying the rapid propagation of the LH signal within ovarian POFs, the involvement of LH-induced EGFR activation in the early activation of MAPK was investigated. When POFs were preincubated with the EGFR tyrosine ki- nase inhibitor AG1478, rLH-induced EGFR phosphorylation was significantly inhibited after 30 min (Fig. 4 , A and E), demonstrating the effectiveness of this concentration of AG1478 (0.5 M) in blocking the LHinduced EGFR tyrosine kinase activity. Next, activation of the downstream MAPK signaling cascade was examined. As shown in Fig. 3A , rLH stimulated an increase in MAPK1/3 phosphorylation in cultured POFs within 30 min (Fig. 4B) . However, pretreatment of POFs with AG1478 resulted in approximately 60% inhibition of LH-induced MAPK1/3 phosphorylation (Fig. 4, B 5 ). Taken together, these results suggest that regulation of the MAPK signaling pathway is dependent in part on EGFR activity but likely involves additional LH-regulated intracellular pathways.
LH-Induced EGFR Signaling Requires Matrix Metalloprotease Activity
EGFR transactivation occurs either by binding of shed EGF-like growth factors or by an intracellular mechanism. To determine whether EGF-like growth factor shedding is involved in LH-induced EGFR transactivation, POFs were pretreated with the broad spectrum metalloprotease inhibitor GM6001 before rLH stimulation. GM6001 completely inhibited rLH-induced EGFR phosphorylation after 30 min stimulation (Fig. 4 , C and E). Similarly, preincubation of POFs in the presence of TAPI-1, a metalloprotease inhibitor with some specificity for TNF␣ converting enzyme/ADAM17, also blocked rLH-induced EGFR phosphorylation (data not shown). Consistent with their effects on EGFR activation, GM6001 and TAPI-1 inhibited LH-induced MAPK1/3 phosphorylation by about 50% (Fig. 4 , D and E, and data not shown). In addition, GM6001 and TAPI-1 each inhibited LH-induced oocyte meiotic resumption in cultured follicles by at least 66%; in contrast, GM6001 failed to inhibit oocyte maturation induced by EREG (data not shown). Thus, metalloprotease activity involved in EGF-like growth factor shedding is required for EGFR activation and signaling.
LH-Mediated EGFR Transactivation Involves cAMP and PKA Signaling
To determine whether EGFR transactivation induced by LH is mediated by cAMP signaling, POFs were stimulated with forskolin (Fsk), a direct activator of adenylyl cyclase. Fsk promoted an increase in EGFR phosphorylation to levels comparable to those observed with rLH after 30 min (Fig. 6A ). In addition, Fsk-induced EGFR phosphorylation was completely inhibited by both AG1478 and GM6001, suggesting 
. Effect of the Protein Synthesis Inhibitor Puromycin on rLH-and AREG-Induced GVBD and EGFR Phosphorylation in Cultured Follicles
A, Effect of puromycin on rLH-and AREG-induced oocyte maturation. POFs were preincubated with vehicle or puromycin (10 g/ml; 10PUR) for 30 min, followed by culture in the absence or presence of rLH (5 IU) or AREG (100 nM) for 4 h. After release from follicles, oocytes were denuded of cumulus cells for evaluation of GVBD. The total number of oocytes scored per treatment group is shown above each bar. Data are the mean percent GVBD Ϯ SEM of four to eight separate experiments. *, P Ͻ 0.05; **, P Ͻ 0.01. B, Effect of puromycin on rLH-and AREG-induced EGFR phosphorylation. POFs were preincubated with vehicle or puromycin (10 or 50 g/ml) for 30 min and then cultured in the absence or presence of rLH (5 IU) or AREG (100 nM) for 2 h. EGFR was immunoprecipitated from protein extracts of POFs, and Western blot analyses were performed to detect phosphorylated EGFR and EGFR proteins. The ratio of phosphorylated EGFR to total EGFR was determined for each time point, and the relative values are expressed as fold induction over control. Results for the rLH and 10PUR ϩ rLH groups are expressed as the mean Ϯ SEM of three separate experiments. *, P Ͻ 0.05. Except control, values for the other treatment groups are from experiments performed fewer than three times. Representative blots are shown. Hours after rLH A, Inhibition of LH-induced EGFR phosphorylation by the EGFR tyrosine kinase inhibitor AG1478. POFs were preincubated with vehicle (DMSO) or AG1478 (0.5 M) for 30 min, followed by culture in the presence of rLH (5 IU) for 30 min. EGFR protein was immunoprecipitated from POF extracts, and Western blot analyses were performed to detect phosphorylated and nonphosphorylated EGFR. The ratio of phosphorylated EGFR to total EGFR was normalized to control. Results are expressed as the mean Ϯ SEM of four separate experiments. *, P Ͻ 0.05. B, Inhibition of LH-induced MAPK activation by AG1478. LH-stimulated MAPK phosphorylation levels were examined by Western blot analyses in cell lysates of POFs that were preincubated with DMSO or AG1478 (0.5 M) for 30 min, followed by stimulation with rLH (5 IU) for another 30 min. The ratio of phosphorylated MAPK to total MAPK was normalized to control. Results are expressed as the mean Ϯ SEM of four separate experiments. *, P Ͻ 0.05. C, Inhibition of LH-induced EGFR phosphorylation by the metalloprotease inhibitor GM6001. Mouse POFs were incubated with DMSO or GM6001 (20 M) for 30 min, followed by culture for 30 min in the presence of rLH (5 IU). EGFR protein was immunoprecipitated from POF extracts, and Western blot analyses were performed to detect phosphorylated and nonphosphorylated EGFR. Data are shown as the mean Ϯ SEM of six separate experiments. *, P Ͻ 0.05. D, Inhibition of LH-induced MAPK activation by GM6001. LH-stimulated MAPK phosphorylation was analyzed by Western blot using protein extracts from POFs that were preincubated with DMSO or GM6001 (20 M) for 30 min, followed by culture with rLH (5 IU) for another 30 min. Results are shown as the mean Ϯ SEM of four separate experiments. *, P Ͻ 0.005. E, Representative blots are shown for phosphorylated and nonphosphorylated EGFR and MAPK after treatment without or with the inhibitors AG1478 or GM6001 and rLH. AG, AG1478; Cont, control; GM, GM6001.
that the cAMP cascade lies upstream of both matrix metalloprotease activity and EGFR transactivation.
The inhibitors tested could exert their effect by interfering with the LH activation of cAMP signaling. This possibility was investigated by following the phosphorylation of cAMP-response element-binding protein (CREB), a downstream target of PKA. In POFs cultured under the conditions used above, LH induced phosphorylation of the transcription factor CREB within 30 min, and the inhibitor AG1478, GM6001, or TAPI-1 had no effect on this phosphorylation (Fig. 6B) . Thus, LH activation of cAMP signaling is not impaired by these inhibitors under the conditions used, and CREB is not a downstream target of the EGFR signaling pathway.
The involvement of PKA downstream of cAMP in LH-induced EGFR transactivation was examined by incubation with the PKA inhibitor H89. When POFs were exposed to H89, rLH-stimulated EGFR phosphorylation was significantly inhibited (Fig. 6C) , indicating a role for PKA in LH-stimulated EGFR transactivation.
EGF-Like Growth Factors Implicated in Early LH Signaling
In an independent strategy to define the involvement of EGF-like growth factors in the rapid LH-induced EGFR transactivation and activation of downstream signaling, POFs were cultured in the presence of neutralizing antibodies against AREG, EREG, and BTC for 30 min before rLH stimulation. A combination of the three antibodies was used based on the likely redundant functions of these growth factors (12) . As a control, POFs were cultured in the presence of mouse IgG1. In this experimental paradigm, no effect of the neutralizing antibodies on GVBD was observed after 4 h, possibly due to an inefficient ability of the antibodies to concentrate in the follicle (data not shown). To circumvent this problem, the effects of the three neutralizing antibodies on LH-induced EGFR phosphorylation was examined in cultured granulosa cells. (Fig. 7A) . Fskinduced MAPK1/3 phosphorylation was also significantly inhibited in granulosa cells preincubated with the combination of AREG, EREG, and BTC neutralizing antibodies (Fig. 7B) . Taken together, the results suggest that one or more of the EGF-like growth factors are involved in the early EGFR phosphorylation and MAPK activation that occur downstream of LH and cAMP signaling in vivo.
DISCUSSION
It is established that LH regulation of granulosa cells requires activation of the cAMP signaling pathway as well as modification and amplification of the primary signal by the recruitment of additional signaling modules. Among the signaling cascades activated in addition to PKA are the PKB/AKT, PKC, and MAPK pathways (1, 2). Activation of these additional pathways generally occurs through intracellular routes, often through cascades of phosphorylations, and is required for granulosa cell differentiation and ovulation. Here we describe a distinct mode by which the LH-dependent cAMP signal leads to activation of a tyrosine kinase-mediated pathway. LH induces rapid transactivation of the EGFR in cultured follicles through de novo synthesis of EGF-like growth factors and through metalloprotease-mediated shedding of these ligands. In concert with other pathways, EGFR signaling regulates MAPK activation in granulosa and cumulus cells to mediate oocyte maturation.
Using the in vitro POF model, we establish that LH induces the rapid expression and activation of components of the EGF network in follicular cells. LH or Fsk induced EGFR phosphorylation as early as 30 min after stimulation. Although small compared with the large increase in EGFR phosphorylation that occurs after 2-4 h exposure to LH, this early increase is significant. This transactivation of EGFR occurs at the same time that small but significant increases in Areg and Ereg mRNAs are detected by RT-PCR under the same culture conditions. Previous studies have also shown Fsk stimulation of Areg mRNA in COCs (33) and Areg and Ereg mRNAs in human granulosa cells (34) . We also show that LH-and Fsk-induced EGFR trans- activation is sensitive to metalloprotease inhibitors, suggesting the involvement of cAMP signaling and a requirement for shed EGF-like growth factors. Indeed, Fsk-induced EGFR phosphorylation was prevented in cultured granulosa cells by neutralizing antibodies against the AREG, EREG, and BTC growth factors. Given the rapid phosphorylation of one of the major EGFR autophosphorylation sites (Y1068), these results argue for a ligand-dependent rather than an intracellular-dependent mechanism of EGFR transactivation. Although the intracellular mediator Src has been reported to phosphorylate the EGFR autophosphorylation sites in addition to distinct residues (35), LH-induced phosphorylation of the Y1068 residue is blocked when EGF-like growth factor processing or availability is inhibited.
When POFs were cultured in the presence of a protein synthesis inhibitor, LH-induced but not AREGinduced EGFR phosphorylation was inhibited. In a similar fashion, LH-induced but not AREG-induced oocyte maturation was prevented. A likely explanation of this finding is that LH action requires de novo synthesis of EGF-like growth factors. That EGFR phosphorylation is indispensable for LH-stimulated oocyte maturation is indicated by pharmacological inhibition with the different inhibitors used in this study and by the analyses of oocyte maturation in follicles with genetic disruptions in the EGF network (12) . In both cases, a decrease or absence of EGFR phosphorylation was associated with a failure of LH to induce oocyte maturation. That LH still produces a robust signal under these conditions is indicated by the effect of LH on CREB phosphorylation and MAPK activation. Based on the above findings, we propose that LH signaling branches to activation of the EGF network through complex mechanisms during the ovulatory process. Initially, transactivation occurs either through very rapidly synthesized growth factors or mobilization of a small preformed pool of EGF-like growth factors that may not depend on de novo synthesis. This pool could not be detected by fluorescence-activated cell sorting analysis of granulosa cells before exposure to LH (5). This initial small activation is then greatly amplified and stabilized by the de novo synthesis of EGFlike growth factors as we have previously described.
With this study, we also show that LH-induced EGFR transactivation impacts the MAPK cascade, consistent with the previous observation that AREG induces MAPK phosphorylation in COCs (33) . LH-induced MAPK activation is diminished but not abolished when EGFR phosphorylation is blocked either by an EGFR tyrosine kinase inhibitor or inhibitors of (32, 36, 37) ; however, activation of MAPK in cumulus cells by recombinant growth and differentiation factor 9 alone or in combination with FSH in the presence of hypoxanthine fails to promote oocyte maturation in COCs (38) . Thus, synergism between several pathways yet to be identified is likely required. All the pharmacological or genetic manipulations that interfere with activation of the EGF network prevent LH-mediated induction of oocyte meiotic resumption. These observations reinforce our hypothesis that transactivation of the EGFR mediates the signal that induces oocyte meiotic resumption. The detailed time course of EGFR phosphorylation documents that the timing of this activation is compatible with the proposed mediatory role in downstream events. The EGFR phosphorylation observed after 30-60 min of LH stimulation precedes oocyte GVBD by at least 2 h. This time interval is identical to the time required for EGF-like growth factors to induce maturation in the POF in vitro (5) . Assuming that the time required for the oocyte to process the maturation stimulus into GVBD requires 60 min, as inferred from spontaneous maturation, there is an interval of 1 h between the EGFR phosphorylation and the trigger of the signal for oocyte maturation. Some of this time may be required to propagate the signal from mural to cumulus cells and for amplification of the signal. However, the exact steps that are activated during this window of time in somatic cells and that are required to signal oocyte reentry into the cell cycle remain elusive. Connexin phosphorylation by PKA or MAPK and closure of gap junction communication between the somatic cells and the oocyte is a possible candidate step (39) . This closure should lead to a decrease in the diffusion of any inhibitory signals. However, MAPK is still substantially activated when EGFR phosphorylation is prevented, and LH-mediated activation of PKA still occurs in view of the phosphorylation of CREB. Under these conditions, oocyte maturation is not induced. Pending additional experiments directly probing the junctional permeability in follicles where EGFR activation is prevented, connexin phosphorylation should still occur in view of the increase in cAMP and MAPK activation. It is possible that additional signals downstream of EGFR phosphorylation are indispensable for meiotic maturation. Indeed, EGFR activation produces signaling through a plethora of cascades that include activation of the Ras-MAPK, c-Jun N-terminal kinase (JNK), Src, phosphatidylinositide-3-kinase, phospholipase C, signal transducer and activator of transcription (STAT), and Cbl pathways, as well as regulation of cytoskeleton modification, cell adhesion, and lipid mediator production (14, 40, 41) . Thus, each one or a combination of these pathways may be involved in the final signals for oocyte meiotic resumption.
In conclusion, we demonstrate the rapid transactivation of the EGF network by LH in POFs that likely serves to amplify the initial LH signal, thus propagating the LH effects within the follicle. This early transactivation of the EGF network may be a critical signal for oocyte maturation. These findings provide new insight into the mechanisms regulating oocyte meiotic resumption and have important implications for improving the in vitro maturation of oocytes.
MATERIALS AND METHODS
Materials
The rLH (Luveris) was purchased from Serono International (Rockland, MA). PMSG, AG1478, H89, Fsk, and diphtheria toxin CRM mutant were purchased from Calbiochem (San Diego, CA), hCG and puromycin dihydrochloride from Sigma Chemical Co. (St. Louis, MO), and TAPI-1 and GM6001 (Galardin) from Biomol (Plymouth Meeting, PA). Rec-Protein GSepharose 4B was obtained from Zymed Laboratories (South San Francisco, CA). Complete, mini EDTA-free protease inhibitor cocktail tablets were purchased from Roche Applied Science (Indianapolis, IN). ECL and ECL Plus Western Blotting detection reagents were from Amersham Biosciences (Piscataway, NJ). Sheep anti-EGFR and anti-phospho-CREB (Ser133) antibodies were purchased from Upstate (Charlottesville, VA); anti-pan-ERK and anti-ERK1 from BD Biosciences (San Jose, CA); anti-pY1068-EGFR, anti-phospho-MAPK (p44/42), and anti-CREB from Cell Signaling Technology (Danvers, MA); and rabbit polyclonal anti-EGFR from Santa Cruz Biotechnology (Santa Cruz, CA). Antimouse IgG1 and antimouse AREG, antimouse EREG, and antimouse BTC neutralizing antibodies were purchased from R&D Systems (Minneapolis, MN). Leibowitz's L15 medium, MEM, DMEM/F12, methionine-free DMEM, Dulbecco's PBS (DPBS) without Ca 2ϩ and Mg 2ϩ , and fetal bovine serum (FBS), were obtained from GIBCO (Carlsbad, CA). Vectastain ABC kit and diaminobenzidine chromogen were from Vector Laboratories (Burlingame, CA). mice were generated and genotyped as previously described (12) . All animal procedures were approved and followed the guidelines of the Stanford University Administrative Panel on Laboratory Animal Care.
Animals
RNA Extraction and Semiquantitative RT-PCR
Total RNA was extracted from POFs cultured in the presence of 5 IU rLH for 0, 0.5, 1, 2, or 4 h using Trizol Reagent (Invitrogen) as instructed by the manufacturer. Total RNA (100 ng) was reverse-transcribed using 1ϫ Thermocycle buffer, 3.75 mM MgCl 2 , 1 mM dNTPs (Promega Corp., Madison, WI), 500 ng poly-dT (Amersham Pharmacia, Newark, NJ), and 2.5 U avian myeloblastosis virus-reverse transcriptase (Promega) at 42 C for 75 min and 95 C for 5 min. Afterward, one fourth of each RT reaction was used for PCR amplification of the genes of interest, and 0.1 M of each primer, 0.25 Ci [ 32 P]dCTP (PerkinElmer, Boston, MA), 0.625 U Taq polymerase in 1ϫ Thermocycle buffer, and 2 mM MgCl 2 (Promega Corp.) were used in each reaction. PCR conditions were 94 C for 2 min followed by cycles of 94 C for 30 sec, 60 C for 45 sec, and 72 C for 1 min and a final extension at 72 C for 7 min. Specific primers used were as follows: Areg forward, 5Ј-CACAGCGAGGATGACAAGGACC-3Ј; Areg reverse, 5Ј-AATGTCATTTCCGGTGTGGCTTGG-3Ј; Ereg forward, 5Ј-CATGGAGTCTGACTCTAGTC-3Ј; Ereg reverse, 5Ј-TCAGTGACTCACGAAGACCT-3Ј; and L19 (42, 43) . The amplified PCR products were resolved on 5% polyacrylamide gels. The gels were dried, and radioactive bands were quantified using the Storm 840 PhosphorImager and ImageQuant software (Molecular Dynamics, Inc., Sunnyvale, CA).
POF Culture
POFs were microdissected from PMSG-primed mouse ovaries under a stereomicroscope, in Leibowitz's L15 medium supplemented with 5% FBS, 100 U penicillin, and 100 g streptomycin. At least 30 follicles per treatment group were cultured in 1 ml MEM supplemented with 10% FBS and antibiotics at 37 C in glass vials under 95% O 2 /5% CO 2 . After equilibration, POFs were cultured in the absence or presence of 5 IU rLH or 50 M Fsk. At the end of culture, POFs were washed in DPBS and collected for protein extraction. In some experiments, POFs were preincubated in the presence of the inhibitors AG1478 (0.5 M), galardin (20 M), TAPI-1 (30 M), puromycin (10 g/ml), H89 (20 M), or vehicle [dimethylsulfoxide (DMSO)] for 30 min before hormone stimulation.
For oocyte maturation studies, POFs were cultured in the presence of 5 IU rLH for the indicated times. POFs preincubated in the presence of puromycin were stimulated for 4 h with 5 IU rLH or 100 nM AREG. Follicles were punctured using 26.5-gauge needles (Becton Dickinson & Co., Franklin Lakes, NJ) to release COCs. Cumulus cells were gently removed using a Drummond microdispenser, and oocytes were examined for evidence of GVBD, a hallmark of oocyte meiotic resumption. COCs that were collected 4 h after culture were treated briefly with hyaluronidase (1g/ml) to facilitate removal of cumulus cells from oocytes.
Granulosa Cell Culture
Granulosa cells were isolated from ovaries of immature mice 46 h after PMSG stimulation by needle puncture in Leibowitz's L15 medium supplemented with 5% FBS, penicillin, and streptomycin. Cells were passed through a 40-m cell strainer to remove oocytes, spun down, and resuspended in DMEM/F12 medium supplemented with 1% FBS, penicillin, and streptomycin. Cells were seeded at a density of about 5-6 ϫ 10 6 cells per well in six-well culture plates. On the next day, cells were cultured in 1 ml serum-free DMEM/F12 containing vehicle (DMSO) or 10 M Fsk, an activator of adenylyl cyclase. At the end of culture, cells were washed once with DPBS and then collected in RIPA buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 0.25% deoxycholic acid, Complete, Mini, EDTA-free protease inhibitor cocktail, 1 mM EDTA, 1 mM Na-orthovanadate, 1 mM NaF, and 1 mM Na-pyrophosphate] for protein extraction. In some experiments, antimouse IgG1 or neutralizing antibodies against AREG (3 g/ml), EREG (2.5 g/ml), and BTC (2 g/ml) were added to culture 30 min before treatment with Fsk.
Immunoprecipitation and Immunoblotting
Cultured POFs or granulosa cells were homogenized and lysed in ice-cold RIPA buffer containing a cocktail of EDTAfree protease inhibitors, 1 mM EDTA, 1 mM Na-orthovanadate, 1 mM NaF, and 1 mM Na-pyrophosphate. After centrifugation at 14,000 ϫ g for 5 min at 4 C, supernatants were collected and protein concentrations assayed using the BCA protein assay kit (Pierce). A fixed amount of protein (ϳ140-190 g) was immunoprecipitated by incubation with 4 g anti-EGFR antibody overnight at 4 C, followed by 2.5 h incubation with rec-Protein G-Sepharose 4B beads. After centrifugation, lysates were retained for additional assays. Pellets were washed in DPBS containing protease inhibitors, and then bound EGFR proteins were released from the pellets by boiling for 5 min in 3ϫ SDS buffer. The eluted samples were separated on 7.5% polyacrylamide gels and transferred to polyvinylidene difluoride membranes. Membranes were blocked in Tris-buffered saline with 0.1% Tween 20 (TBST) plus 5% nonfat dry milk, washed with TBST, probed with an anti-phospho-EGFR antibody (specific for autophosphorylation site Tyr1068) diluted 1:1000 in TBST plus 5% BSA (Sigma) overnight at 4 C, and then incubated for 1 h at room temperature with an antirabbit IgG horseradish peroxidase (HRP)-conjugated antibody (Amersham) diluted in TBST plus 0.5% nonfat dry milk (Bio-Rad). After washing in TBST, membranes were incubated with ECL Plus Western blotting reagent for detection of specific signal.
Afterward, the same membranes were incubated in a solution containing 62.5 mM Tris-HCl (pH 6.8), 2% SDS, and 100 mM ␤-mercaptoethanol for 30 min at 50 C, washed in TBST, and reprobed for total EGFR. Membranes were blocked for 1 h at room temperature in TBST plus 1% nonfat dry milk, incubated with a polyclonal anti-EGFR antibody diluted 1:200 in TBST plus 0.2% nonfat dry milk for 2 h at room temperature, washed in TBST, and then incubated for 1 h at room temperature with an antirabbit IgG HRP-linked antibody diluted 1:5000 in TBST plus 0.2% nonfat dry milk. After washing in TBST, membranes were incubated with ECL Western blotting reagent for detection of specific signal.
MAPK (p44/42) and CREB phosphorylation levels in cultured POFs were analyzed in protein lysates retained after EGFR immunoprecipitation. Briefly, 2 or 5 g lysate, respectively, were separated on 10% polyacrylamide gels and transferred to polyvinylidene difluoride membranes. Membranes were blocked in TBST plus 0.2% nonfat dry milk, incubated for 2 h at room temperature with anti-phosphop44/42 MAPK (1:1000) or anti-phospho-CREB (1 g/ml) antibody diluted in TBST plus 0.2% nonfat dry milk, washed in TBST, and then incubated for 1 h at room temperature with antirabbit IgG-HRP (1:5000) or antimouse IgG-HRP antibodies (1:3000), respectively. Specific signals were detected using ECL reagent. Afterward, membranes were stripped of bound antibodies as described above, blocked in TBST plus 1% nonfat dry milk, and then incubated with anti-pan-ERK or anti-ERK1 (diluted 1:2500 in TBST plus 0.2% nonfat dry milk) for 2 h at room temperature or with anti-CREB (diluted 1:1000 in TBST plus 0.2% nonfat dry milk) overnight at 4 C. After washing in TBST, membranes were incubated for 1 h at room temperature with antimouse IgG-HRP (1:5000) or antirabbit IgG-HRP (1:3000), respectively. Specific signals were detected using ECL Western blotting reagent and visualized by autoradiography. For Western blots, specific bands were quantified by scanning and densitometric analyses using Scion Image software (Scion Corp., Frederick, MD).
Metabolic Labeling
Intact POFs isolated from PMSG-primed mice were washed three times in methionine-free DMEM (GIBCO), supplemented with 10% dialyzed FBS, 100 U penicillin, 100 g streptomycin, and 2 mM L-glutamine (GIBCO). Three follicles were then preincubated for 15 min in this medium with 50 Ci/ml [ 35 S]methionine (Amersham) to deplete intracellular pools of methionine. The follicles were incubated for an additional 30 min in the absence or presence of puromycin and then stimulated with 5 IU rLH for 4 h. After the incubations, follicles were washed twice in DPBS and homogenized on ice in 500 l 5% (wt/vol) trichloroacetic acid solution. After centrifugation at 3000 rpm for 30 min at 4 C, the pellets were resuspended in 1 ml 5% trichloroacetic acid solution and centrifuged again at 3000 rpm for 30 min at 4 C. Afterward, the pellet was resuspended with 200 l DPBS. The supernatant was reserved for use as a control. After vortexing and sonication of the samples to break down the cells, the amount of [ 35 S]methionine incorporation was counted.
Immunohistochemistry
Excised ovaries were fixed in Bouin's solution overnight at 4 C. After dehydration, the ovaries were embedded in Paraplast and sectioned at 6 m onto Superfrost Plus slides. For immunohistochemical staining, sections were deparaffinized and rehydrated, treated with 3% H 2 O 2 for 15 min to inactivate intrinsic peroxidase activity, and incubated with sodium citrate buffer for 20 min at 90 C for antigen retrieval. Washes were performed with automation buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.02% Tween 20] . After blocking for 20 min at room temperature with normal goat serum, sections were incubated for 1 h at room temperature with anti-phospho-p44/42 MAPK antibody diluted 1:100 in buffer containing 1% BSA. Sections were next incubated with biotinylated goat antirabbit antibody for 30 min at room temperature, followed by a 30-min incubation with the avidin/biotinylated enzyme complex (ABC). Blocking serum and antibodies were from the antirabbit Vectastain ABC kit (Vector Laboratories). Staining was performed using the diaminobenzidine chromogen. The staining reactions were stopped in distilled water, and sections were dehydrated and mounted with Permount.
Statistics
Data are presented as the mean Ϯ SEM. Data were analyzed by Student's t test or one-way ANOVA and Bonferroni's multiple comparison test where appropriate. P Ͻ 0.05 was considered statistically significant. 
